Groot Zwaaftink, C. D., H. Grythe, H. Skov, and A. Stohl (2016), Substantial contribution of northern high‐latitude sources to mineral dust in the Arctic, J. Geophys. Res. Atmos., 121, 13,678--13,697, doi:10.1002/2016JD025482.

1. Introduction {#jgrd53438-sec-0001}
===============

Aeolian transport of mineral dust (\<20 µm; see later) has been a topic of research for decades. A large part of the interest in aeolian dust is driven by the large consequences it may have. Mineral aerosols bring nutrients to oceanic and terrestrial ecosystems, often at large distances from the dust source regions \[e.g., *Okin et al.,* [2004](#jgrd53438-bib-0058){ref-type="ref"}; *Moore et al.,* [2004](#jgrd53438-bib-0055){ref-type="ref"}\]. Air quality can be heavily decreased causing issues for human health \[e.g., *Griffin and Kellogg*, [2004](#jgrd53438-bib-0029){ref-type="ref"}\]. Clouds can be affected by dust particles as they serve as ice and cloud condensation nuclei (CCN) allowing ice and liquid droplet formation \[e.g., *Yin et al.,* [2002](#jgrd53438-bib-0085){ref-type="ref"}; *Koehler et al.,* [2010](#jgrd53438-bib-0040){ref-type="ref"}\]. And, not in the least, the particles absorb and reflect solar radiation. This can affect the radiation balance of the atmosphere, as well as the surface energy balance. The presence of mineral dust may be particularly relevant for snow‐ or ice‐covered regions, where dust may decrease the surface albedo \[e.g., *Warren and Wiscombe*, [1980](#jgrd53438-bib-0083){ref-type="ref"}; *Stone et al.,* [2007](#jgrd53438-bib-0077){ref-type="ref"}\]. Increasing amounts of impurities in Arctic snow have been suggested to originate from local sources that experience a seasonal snow cover \[*Dumont et al.,* [2014](#jgrd53438-bib-0020){ref-type="ref"}\]. Earlier melt of the seasonal snow cover may thus affect dust mobilization and subsequently snow and ice albedo, which is important since for instance already small decreases in fresh snow albedo of 1% may lead to surface mass losses of 27 Gt yr^−1^ from the Greenland ice sheet \[*Dumont et al.,* [2014](#jgrd53438-bib-0020){ref-type="ref"}\].

Dust transport models have been developed and used for local and global dust transport simulations \[e.g., *Tegen and Fung*, [1994](#jgrd53438-bib-0079){ref-type="ref"}; *Liu et al.,* [2003](#jgrd53438-bib-0047){ref-type="ref"}; *Uno et al.,* [2003](#jgrd53438-bib-0081){ref-type="ref"}; *Zender et al.,* [2003a](#jgrd53438-bib-0087){ref-type="ref"}; *Huneeus et al.,* [2011](#jgrd53438-bib-0035){ref-type="ref"}\]. Naturally, aeolian dust research has focused on areas where dust is present in abundance, such as the Sahara or Gobi desert. However, large availability of dust is evident in the Arctic as well \[e.g., *Fristrup,* [1953](#jgrd53438-bib-0025){ref-type="ref"}; *Arnalds*, [2010](#jgrd53438-bib-0003){ref-type="ref"}; *Dagsson‐Waldhauserova et al.,* [2014a](#jgrd53438-bib-0017){ref-type="ref"}; *Bullard et al.,* [2016](#jgrd53438-bib-0015){ref-type="ref"}\]. These high‐latitude dust sources have also been identified in model studies \[e.g., *Mahowald et al.,* [1999](#jgrd53438-bib-0049){ref-type="ref"}; *Andersen et al.,* [1998](#jgrd53438-bib-0001){ref-type="ref"}\]. Nonetheless, they have been given relatively little attention in or have even been removed from global simulations \[e.g., *Zender et al.,* [2003a](#jgrd53438-bib-0087){ref-type="ref"}\]. The information on transport of dust to and in the Arctic is therefore limited. *Rahn et al.* \[[1977](#jgrd53438-bib-0066){ref-type="ref"}\] attributed elevated Arctic haze layers to transport of dust from Asia. *Andersen et al.* \[[1998](#jgrd53438-bib-0001){ref-type="ref"}\] estimated contributions of dust from different source regions, defined by their latitude, to deposition on the polar ice caps under glacial and interglacial conditions. Results, however, overestimate contributions from lower latitudes on the Northern Hemisphere \[*Andersen et al.,* [1998](#jgrd53438-bib-0001){ref-type="ref"}\]. *Fan* \[[2013](#jgrd53438-bib-0022){ref-type="ref"}\] modeled mineral dust concentrations in the Arctic and investigated the impact of dust on cloud formation. It was pointed at possible origins of dust in the Sahara and Asia. An underestimation of modeled dust concentrations in autumn was suggested to be due to a lack of local dust sources in the model. Model simulations by *Lambert et al.* \[[2015](#jgrd53438-bib-0045){ref-type="ref"}\] suggested that besides Asian dust, also Siberian and Alaskan sources may have been potential contributors to dust in Greenland ice cores in the Last Glacial Maximum. Generally, it appears that past model studies have emphasized the episodic long‐range transport of dust from major desert areas to the Arctic but have paid little attention to Arctic or high‐latitude sources of dust.

Much information on dust sources and deposition amounts can also be retrieved from snow samples and ice cores. Especially in combination with transport modeling, these help to recognize important dust source regions. In ice core studies, a seasonal variation of dust deposition has been detected early \[e.g., *Hamilton and Langway*, [1967](#jgrd53438-bib-0031){ref-type="ref"}\], and this characteristic has been used to date ice core layers \[e.g., *Ram and Koenig*, [1997](#jgrd53438-bib-0067){ref-type="ref"}\]. Snow samples from the Canadian Ice Cape were used by *Zdanowicz et al.* \[[1998](#jgrd53438-bib-0086){ref-type="ref"}\] to analyze variations of dust deposition and allocate possible source regions. Some evidence of peaks of deposition in late winter‐spring and late summer‐fall was found. Relatively small particles sizes in late winter‐spring and larger particle sizes in late summer‐fall lead to the conclusion that the two peaks are related to distal and proximal source regions, respectively \[*Zdanowicz et al.,* [1998](#jgrd53438-bib-0086){ref-type="ref"}\]. A comparison of the composition of dust in ice cores at Summit, Greenland, to dust from possible sources indicated that probable sources are found in eastern Asia. Furthermore, the dust deposited during the last full glacial could not be linked to sources in the Sahara or midcontinental United States \[*Biscaye et al.,* [1997](#jgrd53438-bib-0007){ref-type="ref"}\]. Additionally, chemical analysis of snow samples taken in Greenland also indicated that dust deposition varies seasonally \[*Bory et al.,* [2002](#jgrd53438-bib-0008){ref-type="ref"}, [2003a](#jgrd53438-bib-0009){ref-type="ref"}\]. In these studies it was concluded that the main source region of dust deposited here is eastern Asia. A comparison with potential source areas in Asia indicated that two different source regions are dominant depending on the season. Conclusions of such studies depend on the completeness of potential source areas taken into account. *Biscaye et al.* \[[1997](#jgrd53438-bib-0007){ref-type="ref"}\] did not include dust from high latitudes, except Alaska, among their potential source areas. From chemical analysis of a set of ice cores on the Greenland ice sheet it was concluded that elevated sites are influenced by Asian dust and sites located closer to the edge and at lower altitude are influenced by proximal sources \[*Bory et al.,* [2003b](#jgrd53438-bib-0010){ref-type="ref"}\].

Combinations of aerosols sample studies and trajectory analysis can provide additional confidence in determining source areas. Such a study revealed that also Saharan dust can reach Summit, Greenland \[*VanCuren et al.,* [2012](#jgrd53438-bib-0082){ref-type="ref"}\]. Transport of Asian dust to the Arctic has been confirmed in case studies \[*Rahn et al.,* [1977](#jgrd53438-bib-0066){ref-type="ref"}; *Huang et al.,* [2015](#jgrd53438-bib-0034){ref-type="ref"}; *Kang et al.,* [2015](#jgrd53438-bib-0038){ref-type="ref"}\]. While case studies give valuable information on possible transport routes, they cannot quantify the relative contributions of all potential dust sources.

We aim to investigate seasonal variation of Arctic dust deposition and concentration and distinguish contributions of local versus remote sources. The Lagrangian model FLEXPART \[*Stohl et al.,* [1998](#jgrd53438-bib-0073){ref-type="ref"}, [2005](#jgrd53438-bib-0075){ref-type="ref"}\] has proven to be a valuable model in estimating air pollution transport in the Arctic and defining source regions \[*Stohl et al.,* [2002](#jgrd53438-bib-0074){ref-type="ref"}; *Eckhardt et al.,* [2003](#jgrd53438-bib-0021){ref-type="ref"}; *Stohl*, [2006](#jgrd53438-bib-0072){ref-type="ref"}; *Hirdman et al.,* [2010](#jgrd53438-bib-0033){ref-type="ref"}; *Stohl et al.,* [2013](#jgrd53438-bib-0076){ref-type="ref"}\]. Especially for the Arctic region, *Stohl* \[[2006](#jgrd53438-bib-0072){ref-type="ref"}\] could reveal important transport mechanisms based on FLEXPART simulations. The model has also been used for dust transport calculations \[*Sodemann et al.,* [2015](#jgrd53438-bib-0071){ref-type="ref"}\], but an enhanced dust mobilization scheme that can be used in combination with FLEXPART will be introduced in this manuscript. We will evaluate the performance of FLEXPART in modeling dust transport based on observations of surface concentration and deposition at sites remote from dust sources. We will then focus on dust deposition and dust loading in the Arctic in section [3](#jgrd53438-sec-0006){ref-type="sec"}, showing that high‐latitude dust sources in the Northern Hemisphere contribute substantially to dust loads and especially dust deposition in the Arctic. We will refer to the region north of 60°N as "near Arctic" and north of 80°N as "high Arctic".

2. Model and Data {#jgrd53438-sec-0002}
=================

2.1. FLEXDUST {#jgrd53438-sec-0003}
-------------

The Lagrangian particle dispersion model FLEXPART \[*Stohl et al.,* [1998](#jgrd53438-bib-0073){ref-type="ref"}\] has been used earlier to describe dust transport events in the Sahara region \[*Sodemann et al.,* [2015](#jgrd53438-bib-0071){ref-type="ref"}\]. However, for the current purpose, the previous emission module that relied on fixed descriptions of threshold friction velocity appeared inadequate since we now apply the model on a global scale. Nonetheless, we also have to consider that information on soil properties is limited and advanced physical models of dust mobilization are not globally applicable. The current dust emission module, called FLEXDUST, relies on simple formulations common in global dust transport models. To improve mineral dust, quantifications in the Arctic special attention was given to soil fraction estimates at high latitudes.

A first step is to know where mineral dust is available; we thus need to know the bare soil fraction. Land cover data are a crucial part in modeling dust emission. We here used the Global Land Cover by National Mapping Organizations (version 2 \[*Tateishi et al*., [2014](#jgrd53438-bib-0078){ref-type="ref"}\]) at a 15 arcsec pixel^−1^ resolution. As a source for dust emission, we included both land cover classes bare soil (sand) and partly vegetated areas. For partly vegetated areas, we determine available soil fraction by subtracting the vegetation cover fraction as used by the European Centre for Medium‐Range Weather Forecasts (ECMWF) \[*Boussetta et al.,* [2013](#jgrd53438-bib-0011){ref-type="ref"}\]. Additionally, as Iceland is an important high‐latitude dust source, we used a land cover data set that describes all bare land regions in Iceland and identifies regions with sandy deserts \[*Dagsson‐Waldhauserova et al.,* [2014b](#jgrd53438-bib-0018){ref-type="ref"}; *Arnalds,* [2015](#jgrd53438-bib-0004){ref-type="ref"}\]. Furthermore, we account for topographic effects. As proposed by *Ginoux et al.* \[[2001](#jgrd53438-bib-0027){ref-type="ref"}\] and further discussed by *Zender et al.* \[[2003b](#jgrd53438-bib-0088){ref-type="ref"}\], sediments are likely to gather in depressions, and those areas should therefore be considered as more favorable for dust emission than elevated terrain. We thus also apply the erodibility scaling (*S*) according to *Ginoux et al.* \[[2001](#jgrd53438-bib-0027){ref-type="ref"}\]: $$S = \left( \frac{z_{\textit{max}} - z_{i}}{z_{\textit{max}} - z_{min}} \right)^{5}$$

Here *z~i~* is the local elevation and *z* ~max~ and *z* ~min~ are the, respectively, maximum and minimum elevation in a surrounding 10° latitude × 10° longitude area following *Ginoux et al.* \[[2001](#jgrd53438-bib-0027){ref-type="ref"}\]. Note that this large scale will be able to detect large basins but may overshadow smaller glacier valleys. This scale thus needs to be adjusted in case of regional simulations or specific interest in glacier valleys. Moreover, for arid regions the method to parameterize erodibility based on satellite data, as described by *Parajuli et al.* \[[2014](#jgrd53438-bib-0059){ref-type="ref"}\], may, for instance, also be applicable.

The soil fraction available from land cover data is scaled by the erodibility. Applying the assumptions and using the land cover data then finally results in a map of erodible soil fraction (Figure [1](#jgrd53438-fig-0001){ref-type="fig"}).

![Erodible soil fraction after scaling according to equation [(1)](#jgrd53438-disp-0001){ref-type="disp-formula"}.](JGRD-121-13678-g001){#jgrd53438-fig-0001}

Due to the inclusion of the topographic scaling factor of *Ginoux et al.* \[[2001](#jgrd53438-bib-0027){ref-type="ref"}\] especially topographic depressions such as the Bodele depression in Africa and coastal areas (e.g., Arabian Peninsula and Greenland) show up as strong source regions for mineral dust (Figure [1](#jgrd53438-fig-0001){ref-type="fig"}).

The initiation of dust emission from these regions may be defined through a threshold friction velocity. In case of aerodynamic entrainment, one important factor influencing the threshold friction velocity for particle mobilization is the particle size \[e.g., *Shao and Lu*, [2000](#jgrd53438-bib-0069){ref-type="ref"}\]. In aeolian transport, however, particles will not only be aerodynamically entrained but also be ejected by impacting particles, and this form of mobilization is probably more important than aerodynamic entrainment. We may therefore assume that the minimal threshold friction velocity of all particle sizes is determining dust mobilization of the complete size distribution. Empirical expressions of threshold friction velocity described by *Iversen and White* \[[1982](#jgrd53438-bib-0036){ref-type="ref"}\] and *Shao and Lu* \[[2000](#jgrd53438-bib-0069){ref-type="ref"}\] define a minimum threshold for particle sizes of approximately 75 to 100 µm, as also presented by *Kok et al.* \[[2012](#jgrd53438-bib-0043){ref-type="ref"}\]. In our simulations, we assume that in case sand is present in the soil, particles of size 75 µm determine threshold friction velocity *u* ~\* *t*~ using the expression of *Shao and Lu* \[[2000](#jgrd53438-bib-0069){ref-type="ref"}\]: $$u_{*t} = \sqrt{A_{N}\left( {\sigma_{p}gd_{p} + \frac{\gamma}{\rho d_{p}}} \right)}$$

Here *σ* ~*p*~ is the particle to air density ratio, *d* ~*p*~ is particle diameter, *g* is acceleration due to gravity, and *ρ* is air density. We assume values of *A* ~*N*~ = 0.0123 and *γ* = 3 ⋅ 10^− 4^ kg s^−2^ according to *Shao and Lu* \[[2000](#jgrd53438-bib-0069){ref-type="ref"}\]. Similar assumptions were made in other global dust transport models, for instance Dust Entrainment and Deposition (DEAD) \[*Zender et al.,* [2003a](#jgrd53438-bib-0087){ref-type="ref"}\]. For regions where clay or silt is present, but no sand, we assume a particle size of 10 µm to estimate threshold friction velocity. Clay, sand, and silt fractions were obtained from the *Global Soil Data Task* \[[2014](#jgrd53438-bib-0028){ref-type="ref"}\].

Soil moisture can have a limiting effect on dust emission. Building on the parameterization of *McKenna‐Neuman and Nickling* \[[1989](#jgrd53438-bib-0054){ref-type="ref"}\] that considered this effect for sand, *Fécan et al.* \[[1999](#jgrd53438-bib-0023){ref-type="ref"}\] derived an expression for all soil types. Recently, *Kim and Choi* \[[2015](#jgrd53438-bib-0039){ref-type="ref"}\] demonstrated the use of satellite observations to parameterize the influence of soil moisture on dust emission on larger scales for bare sand areas. We here use the parametrization derived by *Fécan et al.* \[[1999](#jgrd53438-bib-0023){ref-type="ref"}\]. Using only soil moisture and clay content, influence of capillary forces on threshold for mobilization can be estimated as the ratio of threshold friction velocity for wet (*u* ~\* *tw*~) and dry (*u* ~\* *t*~) conditions by $$\frac{u_{*tw}}{u_{*t}} = 1\mspace{144mu}\left( {w < w^{\prime}} \right)$$ $$\frac{u_{*tw}}{u_{*t}} = \sqrt{1 + 1.21\left( {w - w^{\prime}} \right)^{0.68}}\quad\left( {w \geq w^{\prime}} \right)$$

Here *w* is the volumetric water content of the soil (%). Capillary forces start to affect threshold friction velocity once a level *w′* is reached. This level depends on the clay content $$w^{\prime} = 0.17c + 0.0014c^{2}$$where *c* is the clay content (%). The volumetric water content of the top soil layer is retrieved from the ECMWF operational analysis fields. We are aware of uncertainties in soil moisture modeling that will affect emission estimates. *Grini et al.* \[[2005](#jgrd53438-bib-0030){ref-type="ref"}\] avoided this by using the precipitation data to prohibit dust emission during and after precipitation events instead. That approach, however, did not improve model results. Especially in northern latitudes, soil moisture appeared a better indicator of mobilization threshold as seasonal variations in surface dust concentrations at remote stations were better captured and total emission amounts were closer to other model estimates. This may also be due to recent improvements in the ECMWF soil moisture schemes. Also surface roughness affects dust emission \[e.g., *Parajuli et al.,* [2016](#jgrd53438-bib-0060){ref-type="ref"}\], yet detailed information on surface roughness and the influence of surface roughness on dust emission on global scales are lacking. Drag partition due to nonerodible obstacles is accounted for as described by *Zender et al.* \[[2003a](#jgrd53438-bib-0087){ref-type="ref"}\] in case of limited soil fraction. We further assume that snow cover (also provided by the ECMWF analysis data) inhibits dust mobilization. In case of thin or patchy snow covers, dust transport, maybe even combined with drifting snow, is possible \[e.g., *Bullard et al.,* [2016](#jgrd53438-bib-0015){ref-type="ref"}\], but this requires more detailed information of the snow cover than available in global transport models. Frost can both increase threshold friction velocities due to cementing fine particles and ease aeolian transport by breaking aggregates \[*Bullard and Austin*, [2011](#jgrd53438-bib-0014){ref-type="ref"}\]. This complex process is not accounted for in FLEXDUST.

Once mobilization thresholds are estimated, we need to derive dust emission amounts. These estimates are done based on the following parameterization for the vertical dust flux presented by *Marticorena and Bergametti* \[[1995](#jgrd53438-bib-0051){ref-type="ref"}\]: $$F = c\alpha\frac{\rho u_{*}^{3}}{g}\left( {1 - \frac{u_{*t}^{2}}{u_{*}^{2}}} \right)\left( {1 + \frac{u_{*t}}{u_{*}}} \right)$$where *u* ~\*~ is friction velocity, *c* is an added constant scaling factor (4.8 ⋅ 10^‐4^), and *α* is the sand blasting efficiency depending on clay fraction. The friction velocity used in FLEXDUST is based on the shear stress data from ECMWF and thus consistent with the FLEXPART simulations. The emitted dust is assumed to have a volume size distribution varying between 0.2 and 18.2 µm based on brittle fragmentation theory according to *Kok* \[[2011](#jgrd53438-bib-0042){ref-type="ref"}\]: $$\frac{d\mspace{9mu} V_{d}}{d\mspace{9mu} ln\mspace{9mu} D_{d}} = \frac{D_{d}}{c_{V}}\left\lbrack {1 + \operatorname{erf}\left( \frac{\ln\left( D_{d}/\overline{D_{s}} \right.}{\sqrt{2}\ln\sigma_{s}} \right)} \right\rbrack\exp\left\lbrack {- \left( \frac{D_{d}}{\lambda} \right)^{3}} \right\rbrack$$ *V~d~* is the normalized volume of dust particles with size *D~d~*. We assume values of 12.62 µm for the normalization constant *c* ~*V*~, 3.0 for the geometric standard deviation *σ* ~*s*~, and propagation distance *λ* = 12 µm following *Kok et al.* \[[2012](#jgrd53438-bib-0043){ref-type="ref"}\]. Larger‐sized particles are not included in our simulations since the shorter transport distance is not relevant for the scales we consider.

2.2. FLEXPART {#jgrd53438-sec-0004}
-------------

Dust transport is calculated with the Lagrangian particle dispersion model FLEXPART \[*Stohl et al.,* [1998](#jgrd53438-bib-0073){ref-type="ref"}, [2005](#jgrd53438-bib-0075){ref-type="ref"}\] driven with 3‐hourly operational meteorological data from ECMWF at 1° × 1° resolution. Dust transport was calculated with this model before, as presented by *Sodemann et al.* \[[2015](#jgrd53438-bib-0071){ref-type="ref"}\]. We use FLEXPART version 10, with a recently developed wet deposition scheme that determines in‐cloud and below‐cloud scavenging based on cloud information from the ECMWF meteorological data sets \[*Grythe et al*., 2016\]. This scheme requires scavenging coefficients for in‐cloud and below‐cloud scavenging related to particle properties, which represents the efficiency of scavenging processes. Mineral aerosols may initially be insoluble and therefore inefficient CCN. Weathering during transport can, however, change the physical and chemical properties of the particles \[*Prospero*, [1999](#jgrd53438-bib-0062){ref-type="ref"}\]. A coating, with for instance sulfate, can increase the effectiveness of dust particles as CCN \[*Yin et al.*, [2002](#jgrd53438-bib-0085){ref-type="ref"}\]. We therefore assume values of 0.45 for CCN and 0.1 for ice nucleation efficiency for small particles (\<10 µm) and values of 0.9 and 0.1, respectively, for larger particles. Besides wet deposition, gravitational particle settling \[*Näslund and Thaning*, [1991](#jgrd53438-bib-0056){ref-type="ref"}\] is also accounted for assuming spherical particle shapes.

For our dust simulations, we use 10 particle size classes of equal size with particle diameters ranging from 0.2 to 18.2 µm, following the size distribution in equation [(7)](#jgrd53438-disp-0007){ref-type="disp-formula"}. Dust emission rates are calculated on a global grid of 0.5° × 0.5° resolution and with a time resolution of 3 h. Emission releases in FLEXPART were then summed into 6‐hourly intervals on 1° resolution. In every grid cell with dust emissions, virtual particles are released in FLEXPART, with the number of particles being proportional to the emitted mass. The simulations cover the years 2010 through 2012 and include over 80 million particles. Particles are carried in the simulation for up to 120 days, after which they are terminated.

2.3. Data {#jgrd53438-sec-0005}
---------

Evaluation of our mineral dust simulations will be based on existing data sets of atmospheric dust concentrations and deposition amounts. *Huneeus et al.* \[[2011](#jgrd53438-bib-0035){ref-type="ref"}\] presented an intercomparison of dust transport models and gathered several measurement data sets on, among others, dust concentration and deposition. Annual dust deposition amounts were retrieved from several sources, such as ice cores, iron deposition, and ocean sediment traps. In our comparison, we include 84 sites presented by *Huneeus et al.* \[[2011](#jgrd53438-bib-0035){ref-type="ref"}\] based on data of *Ginoux et al.* \[[2001](#jgrd53438-bib-0027){ref-type="ref"}\], *Mahowald et al.* \[[1999](#jgrd53438-bib-0049){ref-type="ref"}\], *Mahowald et al.* \[[2009](#jgrd53438-bib-0050){ref-type="ref"}\], *Kohfeld and Harrison* \[[2001](#jgrd53438-bib-0041){ref-type="ref"}\], and *Tegen et al.* \[[2002](#jgrd53438-bib-0080){ref-type="ref"}\]. Surface dust concentrations were retrieved from filter samples and measurements of aluminum concentration (see *Huneeus et al.* \[[2011](#jgrd53438-bib-0035){ref-type="ref"}\] and references therein for more details). Measurements in the Pacific Ocean were done as part of the Sea‐Air Exchange program \[*Prospero et al.,* [1989](#jgrd53438-bib-0063){ref-type="ref"}\] and in the North Atlantic in the Atmosphere/Ocean Chemistry Experiment \[*Arimoto et al.,* [1995](#jgrd53438-bib-0002){ref-type="ref"}\]. Furthermore, the data set provided by *Huneeus et al.* \[[2011](#jgrd53438-bib-0035){ref-type="ref"}\] included data of 20 sites from the Rosenstiel School of Marine and Atmospheric Science, University of Miami \[*Prospero et al.,* [1989](#jgrd53438-bib-0063){ref-type="ref"}; *Prospero*, [1996](#jgrd53438-bib-0061){ref-type="ref"}; *Arimoto et al.,* [1995](#jgrd53438-bib-0002){ref-type="ref"}\]. Our model results will be compared to a part of this surface concentration data set. We chose a set of stations representative for different regions. The following are selected stations and measurement periods: Ragged Point Barbados (May 1984 to July 1998), Cheju (September 1991 to October 1995), Enewetak Atoll (February 1981 to June 1987), Mace Head (August 1988 to August 1994), Oahu Hawaii (January 1981 to July 1995), Palmer Station Antarctica (April 1990 to October 1996), and Rarotonga (March 1983 to June 1994). Station locations are shown in Figure [2](#jgrd53438-fig-0002){ref-type="fig"}.

![Simulated (left) global and (right) near Arctic annual mean dust emission (kg m^−2^). The names in the left figure refer to stations with observations of dust concentrations used in section [3.2](#jgrd53438-sec-0008){ref-type="sec"}. The blue line in the right figure represents the sea ice extent in September 2012 \[*Fetterer et al.,* [2002](#jgrd53438-bib-0024){ref-type="ref"}\].](JGRD-121-13678-g002){#jgrd53438-fig-0002}

Furthermore, we include dust surface concentration measurements from Heimaey, Storhofdi (Iceland, years 1997--2002), provided by J. Prospero \[*Prospero et al.,* [2012](#jgrd53438-bib-0064){ref-type="ref"}\]. We also retrieved dust concentrations from aluminum measurements at Villum Research Station, Station Nord \[*Nguyen et al.,* [2013](#jgrd53438-bib-0057){ref-type="ref"}\] for the period September 1990 to June 2002 and September 2007 to December 2013 and at Station Alert \[*Sirois and Barrie*, [1999](#jgrd53438-bib-0070){ref-type="ref"}\] for the years 1980--1994. We assumed a mass ratio of 7.1% to obtain dust concentrations from aluminum concentration measurements. *Nguyen et al.* \[[2013](#jgrd53438-bib-0057){ref-type="ref"}\] estimated that about 50% of aluminum concentrations at Station Nord can be explained by natural sources, while anthropogenic sources account for the other half. We thus have to consider a likely overestimation of observed mineral dust concentrations at Station Nord up to 50%. Especially in summer, we may also expect overestimated dust concentrations due to activities at Station Nord.

Further model evaluation is done based on vertical profiles of dust concentrations in the Arctic. Observations are from the Arctic Research of the Composition of the Troposphere from Aircraft and Satellites (ARCTAS) flight campaigns \[*Jacob et al.,* [2010](#jgrd53438-bib-0037){ref-type="ref"}\]. We selected all DC8 flights in April and July 2008. From these flights, only data obtained north of 60°N were included in this study. Low‐altitude observations near Fairbanks, Barrow, and Prudhoe Bay were removed, in analogy with *Breider et al.* \[[2014](#jgrd53438-bib-0012){ref-type="ref"}\]. We used the same method as *Breider et al.* \[[2014](#jgrd53438-bib-0012){ref-type="ref"}\] to obtain dust concentrations. That is, we assumed a mass ratio of 6.8% to obtain dust concentrations from calcium concentrations. Calcium concentrations were corrected for sea salt based on sodium concentrations using a mass ratio of 4%.

3. Results and Discussion {#jgrd53438-sec-0006}
=========================

3.1. Global Dust Emission {#jgrd53438-sec-0007}
-------------------------

Annual dust emission is strongly related to soil fraction available for aeolian transport (see Figure [1](#jgrd53438-fig-0001){ref-type="fig"}). The mere availability of sand, however, is not enough. As described in section [2.1](#jgrd53438-sec-0003){ref-type="sec"}, in FLEXDUST soil moisture and snow cover can decrease dust emission and, above all, dust emission strongly depends on friction velocity. Annual dust fluxes in Figure [2](#jgrd53438-fig-0002){ref-type="fig"} therefore show a pattern that is somewhat different from the soil fraction map in Figure [1](#jgrd53438-fig-0001){ref-type="fig"}. Largest dust emission fluxes were found in the region of the Bodele depression. Other regions that are clearly large sources of airborne mineral dust are the Gobi desert and the Arabian Peninsula. These patterns are consistent with results shown by, e.g., *Zender et al.* \[[2003a](#jgrd53438-bib-0087){ref-type="ref"}\] and *Ginoux et al.* \[[2001](#jgrd53438-bib-0027){ref-type="ref"}\], although emission in Australia seems rather small. In combination with Figure [1](#jgrd53438-fig-0001){ref-type="fig"}, it appears that not much dust is mobilized at high northern latitudes. This is due to the influence of seasonal snow cover that inhibits dust emission during a part of the year. Furthermore, threshold changes due to soil moisture are more relevant in this region than in the main desert regions.

In Table [1](#jgrd53438-tbl-0001){ref-type="table"} we split the total emission in different source regions. *Huneeus et al.* \[[2011](#jgrd53438-bib-0035){ref-type="ref"}\] has given an overview of modeled dust emission from several regions. The regions defined here do not agree with *Huneeus et al.* \[[2011](#jgrd53438-bib-0035){ref-type="ref"}\] since we are especially interested in near‐Arctic source regions. However, for regions that are comparable, we added AEROCOM model estimates to Table [1](#jgrd53438-tbl-0001){ref-type="table"}. For all regions available, our estimates are in the range of the emission estimates presented by *Huneeus et al.* \[[2011](#jgrd53438-bib-0035){ref-type="ref"}\]. It appears that estimated emissions in Australia are rather low in our simulations, as we already expected from Figure [2](#jgrd53438-fig-0002){ref-type="fig"}. This may be due to the land cover data set we use, where hardly any bare soil is assigned in Australia. For other regions, emission estimates are somewhat larger than the AEROCOM median values.

###### 

Estimated Relative and Absolute Mean Annual Dust Emission[a](#jgrd53438-note-0001){ref-type="fn"}

                      Relative Dust Emission (%)   Dust Emission (Tg y^−1^)   AEROCOM Dust Emission, Minimum‐Median‐Maximum (Tg y^−1^)
  ------------------- ---------------------------- -------------------------- ----------------------------------------------------------
  Africa              57.1                         935                        220‐804‐3001
  Asia S60            35.2                         576                        80‐265‐1253
  Australia           0.7                          11.3                       9‐31‐129
  Europe S60          0.2                          3.5                        
  North America S60   1.9                          31.4                       1.7‐2.0‐286
  South America       1.9                          31.1                       0.2‐9.8‐186
  Eurasia N60         1.2                          19.6                       
  Greenland           0.1                          1.1                        
  Iceland             0.3                          4.6                        
  North America N60   1.4                          22.7                       
  Global                                           1636.3                     514‐1123‐4313

We also provide AEROCOM model estimates from *Huneeus et al.* \[[2011](#jgrd53438-bib-0035){ref-type="ref"}\]. S60 indicates that only the area south of 60°N was included; N60 indicates that only the area north of 60°N was included.

Table [1](#jgrd53438-tbl-0001){ref-type="table"} further shows that dust emissions in regions north of 60°N are potentially large. In the studied years, they account for 1.7 to 5.3% of global dust emission, despite the inhibition of dust mobilization due to the seasonal snow cover. This is a large fraction of global dust emission, especially when considering that the area of this region is less than 7% of the area of the earth. Typical dust sources at high latitudes are proglacial fields or floodplains found, for example, in Alaska, Greenland, and Iceland, where fine glaciofluvial sediment deposits are exposed to wind. The seasonality of dust storms in these fields is different per source as it depends on snow cover, discharge, sediment supply, and wind speeds \[e.g., *Crusius et al.,* [2011](#jgrd53438-bib-0016){ref-type="ref"}; *Arnalds et al.,* [2016](#jgrd53438-bib-0006){ref-type="ref"}; *Bullard et al.,* [2016](#jgrd53438-bib-0015){ref-type="ref"}\]. The estimated dust emission from high latitudes in the Northern Hemisphere is comparable to a review study of *Bullard et al.* \[[2016](#jgrd53438-bib-0015){ref-type="ref"}\] estimating that 5% of global dust emission is emitted from sources south of 40°S and north of 50°N. Their estimates for emission in northern high latitudes only include emissions from Iceland and Alaska and results in approximately 2% of global emitted dust. Furthermore, the FLEXDUST estimated dust emission north of 60°N (48 Tg yr^−1^) is considerably larger than the model estimate (21.54 Tg yr^−1^) of *Andersen et al.* \[[1998](#jgrd53438-bib-0001){ref-type="ref"}\] for the region north of 47°N. Reasons for this difference may be found in model resolution (5.6° × 3.8° in their case), source definition and boundary layer parameterizations. Our annual emission for Iceland (varying from 1.9 to 9.9 Tg yr^−1^ with a mean of 4.6 Tg yr^−1^) is considerably lower than estimates of *Arnalds et al.* \[[2016](#jgrd53438-bib-0006){ref-type="ref"}\] of 30 to 40 Tg yr^−1^ based on dust storm frequency, detailed dust amount estimates from observations during a selection of storms and extrapolation of deposition maps \[*Arnalds et al.,* [2014](#jgrd53438-bib-0005){ref-type="ref"}\]. This may indicate that our high‐latitude dust emissions for the Northern Hemisphere are conservative, probably underestimating real emissions.

The shown dust emission estimates and their good agreement with other model estimates suggest that the combination of the land cover data, mobilization scheme and meteorological model are adequate for dust mobilization estimates on these scales.

3.2. Transport Model Evaluation {#jgrd53438-sec-0008}
-------------------------------

Observations that can be used for global dust transport model evaluation are limited, especially in our region of interest---the Arctic. We here chose to compare modeled monthly mean surface concentrations to observations. Note that the periods of measurements are different for each station and do not correspond to the modeled period. Results for several stations are shown in Figure [3](#jgrd53438-fig-0003){ref-type="fig"}.

![Monthly mean dust concentration (µg/m^3^) at ten stations. The figure includes monthly means of observations (black) for the periods indicated in section [2.3](#jgrd53438-sec-0005){ref-type="sec"} and simulations (grey and blue) for 2010 to 2012. Monthly mean values were estimated based on simulations in 2010 (grey dotted line), 2011 (grey dashed line), and 2012 (grey, dash‐dotted line) and averaged over these three years (blue line).](JGRD-121-13678-g003){#jgrd53438-fig-0003}

From Figure [3](#jgrd53438-fig-0003){ref-type="fig"} it is clear that the model does not perform equally well for all stations. We are mainly interested in the stations near the Arctic. Unfortunately, their number is limited. First, according to the observations, our model is able to capture the mean dust concentration at station Alert. However, the distinct increase of dust concentrations observed in autumn is not captured in any of the 3 years of simulations, similar to other model simulations \[*Fan*, [2013](#jgrd53438-bib-0022){ref-type="ref"}\]. Peak timing in the activity of dust sources varies per region \[e.g., *Bullard et al.,* [2016](#jgrd53438-bib-0015){ref-type="ref"}\] and while some sources are active throughout the year, others distinctly peak in a particular season due to a combination of several factors. For instance for the Gulf of Alaska, peaks in transport of glacial dust were reported in autumn, when fine sediments are available and water levels decrease \[*Crusius et al.,* [2011](#jgrd53438-bib-0016){ref-type="ref"}\]. It is thus likely that a local dust source, mostly active in autumn, is missing in simulations of dust surface concentrations at Alert. Also note that dust concentration values at Alert in autumn appear considerably smaller in a different observational data set for the years 2000 to 2006 \[*Fan*, [2013](#jgrd53438-bib-0022){ref-type="ref"}\].

At Villum Research Station, Station Nord in North Greenland, the simulated surface concentrations are much larger in 2010 than in 2011 and 2012. Monthly mean concentrations are therefore in the upper range of the measurements. The higher simulated dust concentrations in 2010 may be related to the introduction of improved soil moisture and snow analysis schemes in ECMWF model cycle 36r4 in late 2010. The seasonal variation, however, with increased dust concentrations in spring and late summer does appear to be captured by the model, and the simulated concentrations in the two latter years reproduce the measured values very well.

At Heimaey, on the other hand, a station relatively close to Icelandic sandur areas, the model estimates are overpredicting dust amounts compared to measurements. This difference may to a large extent be due to the measurement setup. The dust sampler is only activated for winds from east to southwest, capturing dust arriving from remote sources but not from Iceland, with exceptions due to changing wind directions. Dust events with dust of local origin are therefore not measured, and observations should be considered an underestimate of true mean concentrations. In early winter, over predictions are largest, and this may additionally be caused by depleted sediment supply or problems in snow cover and soil moisture estimates.

Further south, at Mace Head, where dust only arrives from remote regions, the model captures the monthly mean values well. The signals in seasonal variation are unclear. A station that is strongly affected by dust from remote sources is Barbados, where dust is mainly of Saharan origin \[e.g., *Prospero*, [1999](#jgrd53438-bib-0062){ref-type="ref"}\]. FLEXPART is able to capture the seasonal variation, with maximum dust concentrations in summer. Nonetheless, the model underestimates the observed dust concentrations by approximately a factor 3. Such deviations are common in transport models; see, for example, model results presented by *Huneeus et al.* \[[2011](#jgrd53438-bib-0035){ref-type="ref"}\]. As we found underestimates of dust concentrations in Tenerife as well (not shown), a possible explanation is an underestimate of dust emissions in the Sahara. However, total dust emissions in Africa were in agreement with other model estimates. The underestimate of dust concentrations could thus also be related to emission location rather than amounts. It is also possible that dust removal during transport is overestimated or that elevated transport in the Saharan air layer is not well enough captured. For instance, *Dentener et al.* \[[1996](#jgrd53438-bib-0019){ref-type="ref"}\] discussed a possible lack of a transport mode above the marine boundary layer in their model. There are also large uncertainties in wet deposition schemes depending on accurate cloud and precipitation information. Small deviations in particle trajectories and deposition estimates will accumulate and can cause large errors at remote stations such as Barbados.

Seasonal variations are also visible at Cheju, with reduced concentrations in summer. FLEXPART captures some of this variation but underestimates concentrations considerably. Further south at Enewetak Atoll, where concentrations are also strongly influenced by dust from Asian sources, model simulations reproduce seasonal variation and mean values correspond to observations. A similar result is seen in Hawaii, with increased dust concentrations in spring. Also at Rarotonga, surface concentrations are well reproduced by FLEXPART. Finally, at Palmer Station (Antarctica), modeled surface concentrations are within the range of observed values but generally underestimate observed dust concentration. Due to the large distance between this station and source regions for dust, mostly South America and Australia, there can be many reasons for poor model performance. We have noted before that dust emissions in Australia are probably underestimated, making this a plausible explanation for the underestimation. In South America, dust emissions are in the range of estimates from other models. The modeled annual mean dust concentration at Palmer station is 0.06 µg m^−3^. Since the observed concentration is 0.35 µg m^−3^, model performance at this station is similar to other dust transport models, where deviations up to an order of magnitude are not rare \[see, e.g., *Huneeus et al.,* [2011](#jgrd53438-bib-0035){ref-type="ref"}\].

Besides surface concentrations, dust deposition amounts are also a way to evaluate model estimates. We show annual dust deposition amounts at 84 sites in Figure [4](#jgrd53438-fig-0004){ref-type="fig"}. We omit exact site locations but include their region in this plot. Full information on the sites and measurement method are presented in the individual data sets \[see *Huneeus et al*., [2011](#jgrd53438-bib-0035){ref-type="ref"}, and references therein\]. As for surface concentrations, measurement periods vary and do not necessarily correspond to the simulated period. For the Atlantic region, we find a general underestimation of deposition amounts compared to observations. In combination with the low surface concentration at Barbados, it thus appears that there is an underestimation of dust emission in the source region for dust in the Atlantic and Barbados or that dust is lifted to higher altitudes in our simulations. At the only observation site in Asia, Taklimakan, dust deposition is strongly underestimated. *Luo et al.* \[[2003](#jgrd53438-bib-0048){ref-type="ref"}\] found a similar model result. They suggested that the coarse grid of the global model might be one of the reasons for the disagreement between model and observations. Especially for a site close to dust sources and in mountainous regions, sensitivity to model resolution may be large. Overall, model performance in estimating annual deposition is, with a correlation coefficient of 0.4 (or 0.9 for logarithmic values) and root mean square error of 57.3 g m^−2^, similar to models presented in the AEROCOM comparison \[*Huneeus et al.,* [2011](#jgrd53438-bib-0035){ref-type="ref"}\] where the range of correlation coefficients was 0.08 (0.8) to 0.84 (0.92) and root‐mean‐square error varied from 31.4 to 58.3 g m^−2^ for a different model period than presented here.

![Modeled versus observed annual mean dust deposition (g m^−2^) at 84 sites. See section [2.3](#jgrd53438-sec-0005){ref-type="sec"} for details on the observations. The colors and markers indicate different regions.](JGRD-121-13678-g004){#jgrd53438-fig-0004}

Finally, we evaluate the performance of the model considering concentrations at higher altitudes in the Arctic based on vertical profiles up to 12 km altitude measured during the ARCTAS flight campaigns (Figure [5](#jgrd53438-fig-0005){ref-type="fig"}) \[*Jacob et al.,* [2010](#jgrd53438-bib-0037){ref-type="ref"}\]. Since the simulation is done for different years than the observations, we do not sample the model exactly along the flight tracks. Rather, we extract average concentration profiles in the region where the aircraft flew to show whether vertical dust distribution is realistically simulated. The observations show that dust is present in the upper troposphere at high latitudes. We find similar dust concentrations in our simulations. In April, both in model and simulation, larger concentrations are seen at high altitudes (8 km) than lower in the troposphere. Near the surface, simulated dust concentrations appear larger in July than in April. This difference cannot be seen in observations since no near‐surface measurements are available in July. Further discussion on seasonal variation in the Arctic will follow in section [3.4](#jgrd53438-sec-0010){ref-type="sec"}.

![Monthly mean vertical profiles of dust concentrations in the high Arctic from model simulations (lines) and ARCTAS flight observations (plus and degree signs) in months April and July. Regions of interest for the flight campaigns differed in April and July. To capture the observation area, simulation profiles are averaged for the regions north of 60°N and 170°W to 35°W in April and 135°W to 35°W in July.](JGRD-121-13678-g005){#jgrd53438-fig-0005}

3.3. Simulated Dust Concentrations {#jgrd53438-sec-0009}
----------------------------------

The occurrence of dust in the atmosphere influences cloud formation and the radiation balance. The altitude of mineral aerosols will affect the influence they may have on such processes, as was for instance shown for radiative forcing due to black carbon \[*Samset et al.,* [2013](#jgrd53438-bib-0068){ref-type="ref"}\].

Figure [6](#jgrd53438-fig-0006){ref-type="fig"} shows how mineral dust from six different source regions is distributed as a function of altitude and latitude. Dust from Asia and Africa can reach very high altitudes, while Asian dust is mostly confined to the Northern Hemisphere, African dust is also widely distributed in the Southern Hemisphere. In the Arctic, African and Asian dusts have higher concentrations in the upper troposphere than close to the surface. This is particularly evident in Figure [6](#jgrd53438-fig-0006){ref-type="fig"} for African dust in summer. This distribution is consistent with slantwise lifting of air masses transported to the north, as warm air masses of southerly origin cannot intrude into the cold low‐altitude air masses of the polar dome \[*Stohl*, [2006](#jgrd53438-bib-0072){ref-type="ref"}\]. Similar transport patterns have also been found for air pollution transport into the Arctic \[e.g., *Heidam et al.,* [2004](#jgrd53438-bib-0032){ref-type="ref"}; *Stohl*, [2006](#jgrd53438-bib-0072){ref-type="ref"}; *Massling et al.,* [2015](#jgrd53438-bib-0052){ref-type="ref"}\].

![Seasonal mean dust concentration (µg m^−3^) as a function of latitude and altitude for months December--February (rows 1 and 3) and June--August (rows 2 and 4) for simulations of different source regions. N60 combines the dust from all sources located north of 60°N.](JGRD-121-13678-g006){#jgrd53438-fig-0006}

On the other hand, dust originating from areas north of 60°N remains mainly at low altitudes and high latitudes. Therefore, in the Arctic, dust of local origin has higher concentrations near the surface than dust from more southerly source regions, even though the dust emissions in the Arctic are more than an order of magnitude smaller. In the upper troposphere most of the dust in the Arctic appears to be of Asian and African origin, as will be discussed in more detail in the next section.

The amount of dust emitted in North America south of 60°N that is transported to the Arctic is small (Figure [6](#jgrd53438-fig-0006){ref-type="fig"}). In the Southern Hemisphere, mineral dust from South America and Africa appears to be dominating. This may also be related to the likely underestimation of Australian dust emission. Mineral dust from Australia does reach the Antarctic in our simulations, yet seasonal mean values are lower than the minimum contour value (0.01 µg m^−3^) represented in Figure [6](#jgrd53438-fig-0006){ref-type="fig"}.

3.4. Mineral Dust in the Arctic {#jgrd53438-sec-0010}
-------------------------------

Longitudinal average profiles of dust concentration as a function of latitude (Figure [6](#jgrd53438-fig-0006){ref-type="fig"}) showed that several sources of mineral dust influence dust concentrations in the Arctic at different altitudes and seasons. We investigate this seasonal variation of mineral dust in the Arctic based on monthly means of atmospheric dust load and concentration profiles and discuss deposition patterns.

### 3.4.1. Mineral Dust Load {#jgrd53438-sec-0011}

Mineral dust load in the Arctic undergoes a strong seasonal cycle in our simulations, as evident from Figure [7](#jgrd53438-fig-0007){ref-type="fig"}. We find that the seasonal variation of dust loads in the near and high Arctic are similar. Total dust loads are larger in the near Arctic than in the high Arctic due to the shorter distance to dust sources. Peak values of dust load occur in spring, caused by increased transport of dust from remote sources (reddish tints in Figure [7](#jgrd53438-fig-0007){ref-type="fig"}). As also shown in Figure [6](#jgrd53438-fig-0006){ref-type="fig"}, dust transport to the Arctic is in summer only possible at high altitudes, whereas dust from sources such as Africa or Asia can also reach the lower Arctic troposphere during spring. The peak in dust load is thus related to more efficient transport in spring. This is a typical feature of the Arctic Haze phenomenon \[*Stohl*, [2006](#jgrd53438-bib-0072){ref-type="ref"}\]. Modeled dust loads originating from sources north of 60°N (blue tones in Figure [7](#jgrd53438-fig-0007){ref-type="fig"}), on the other hand, peak in autumn. Figure [7](#jgrd53438-fig-0007){ref-type="fig"} furthermore indicates that dust from remote sources, specifically Asia and Africa, dominates dust loads in the Arctic, and this is quantified in Table [2](#jgrd53438-tbl-0002){ref-type="table"}.

![Monthly mean simulated (left) near Arctic (\>60°N) and (right) high Arctic (\>80°N) dust loads per source region. Red colors indicate remote sources; blue colors indicate high‐latitude (Arctic) dust sources.](JGRD-121-13678-g007){#jgrd53438-fig-0007}

###### 

Relative Contributions (%) of Different Source Regions to Annual Mean Global, Near‐Arctic, and High‐Arctic Mineral Dust Loads

                       Global   Near Arctic, \>60°N   High Arctic, \>80°N
  -------------------- -------- --------------------- ---------------------
  Africa               61.8     31.6                  30.8
  Asia, S60            34.6     38.2                  38.3
  Australia            0.3      0.0                   0.0
  Europe, S60          0.1      0.4                   0.5
  North America, S60   1.0      2.6                   2.7
  South America        1.1      0.0                   0.0
  Eurasia, N60         0.4      10.6                  12.8
  Greenland            0.0      0.6                   0.7
  Iceland              0.1      2.0                   1.4
  North America, N60   0.6      14.0                  12.8

Table [2](#jgrd53438-tbl-0002){ref-type="table"} shows the atmospheric dust loads from the different source regions, both globally as well as for the near and high Arctic. Globally, dust load is dominated by dust from the African continent. In the Arctic, however, the contribution of African dust to annual mean dust load (32%, near Arctic) is comparable to the dust contribution from local sources (27%). Largest dust load amounts in the Arctic with a share of approximately 38%, however, appear to be due to Asian dust from regions south of 60°N. Asian dust has been identified early as an important component of Arctic haze \[*Rahn et al.,* [1977](#jgrd53438-bib-0066){ref-type="ref"}\], while more recent research on Arctic haze has emphasized the role of air pollutants \[*Quinn et al.,* [2007](#jgrd53438-bib-0065){ref-type="ref"}\].

### 3.4.2. Vertical Profiles {#jgrd53438-sec-0012}

Vertical profiles of mineral dust are influenced by remote as well as local sources and show a seasonal variation, related to transport (Figures [6](#jgrd53438-fig-0006){ref-type="fig"} and [7](#jgrd53438-fig-0007){ref-type="fig"}) and dust availability. We here discuss vertical dust profiles based on simulated mean profiles in May and November. The size distribution of dust as a function of altitude is shown in Figure [8](#jgrd53438-fig-0008){ref-type="fig"} (left). We first of all find that dust particles are present throughout the troposphere and the largest dust concentrations are found in the smallest size bins simulated. The size distribution differs from the size distribution of emitted particles (equation [(7)](#jgrd53438-disp-0007){ref-type="disp-formula"}), as large particles are deposited quickly and most dust here are fine particles transported from remote sources to the Arctic. For dust particles smaller than 12 µm, we find peaks of concentration at low (up to 1 km) and high (around 8 km) altitude in May. The lower peak is caused by local dust and the upper by remote dust. In November, we find increased amounts of large particles at low altitudes. Combined with Figure [7](#jgrd53438-fig-0007){ref-type="fig"}, we know that this is local dust, the mobilization of which peaks in autumn according to our simulations, as was for instance also shown for particular regions in Alaska \[*Crusius et al.,* [2011](#jgrd53438-bib-0016){ref-type="ref"}\]. Even though dust from remote sources is able to reach the lower Arctic troposphere in late winter/spring (Figure [6](#jgrd53438-fig-0006){ref-type="fig"}), we still find a peak of total dust concentration at high altitudes in May (Figure [8](#jgrd53438-fig-0008){ref-type="fig"}, right). In November, total dust column loadings are smaller than in May, but dust concentrations at low altitudes are larger due to the contribution of local dust.

![Size distribution of dust in the high Arctic as a function of altitude in (left) May and (middle) November, and (right) monthly mean total dust concentration in May and November.](JGRD-121-13678-g008){#jgrd53438-fig-0008}

### 3.4.3. Surface Concentration {#jgrd53438-sec-0013}

The vertical profiles (Figure [8](#jgrd53438-fig-0008){ref-type="fig"}) indicated that dust surface concentrations in the high Arctic are larger in November than in May. We can elaborate this with Figure [9](#jgrd53438-fig-0009){ref-type="fig"}, where the mean dust concentration for altitudes up to 100 m is shown. The seasonal variation of surface concentration appears to deviate much from the dust load annual cycle, especially in the near Arctic. As was suggested in Figure [6](#jgrd53438-fig-0006){ref-type="fig"}, dust from remote sources mostly reaches the lower Arctic troposphere in late winter/spring. The monthly values in Figure [9](#jgrd53438-fig-0009){ref-type="fig"} confirm this, showing a minimum of dust surface concentrations from remote sources in summer/autumn. The presence of dust sources in the near Arctic causes dust from high latitudes to dominate modeled surface concentrations. The relative contributions from different source areas to the surface concentrations of dust in the Arctic (Table [3](#jgrd53438-tbl-0003){ref-type="table"}) are dramatically different from the total atmospheric dust loadings. At the surface, 85% of the near‐Arctic dust originates from latitudes north of 60°N, whereas Asian dust contributes 9% and African dust only 5%. This clearly demonstrates the importance of high‐latitude dust sources for Arctic surface dust concentrations. Similar results are obtained for dust deposition in the Arctic, shown in the next section.

![Monthly mean simulated surface concentrations of dust in the (left) near and (right) high Arctic per source region.](JGRD-121-13678-g009){#jgrd53438-fig-0009}

###### 

Relative Contributions (%) of Different Sources Regions to Annual Mean Global, Near‐Arctic, and High‐Arctic Surface Dust Concentration

                      Global   Near Arctic, \>60°N   High Arctic, \>80°N
  ------------------- -------- --------------------- ---------------------
  Africa              60.8     5.2                   7.4
  Asia S60            33.6     8.9                   13.3
  Australia           0.4      0.0                   0.0
  Europe S60          0.1      0.3                   0.3
  North America S60   1.1      0.6                   0.6
  South America       1.0      0.0                   0.0
  Eurasia N60         1.1      31.9                  38.5
  Greenland           0.1      1.2                   1.2
  Iceland             0.1      3.2                   0.8
  North America N60   1.7      48.7                  37.9

### 3.4.4. Dust Deposition {#jgrd53438-sec-0014}

While dust concentrations and dust loads can have important consequences for the radiative balance of the atmosphere and air quality, we are also interested in dust deposition. Deposition of dust can influence oceanic and terrestrial ecosystems by adding nutrients, or change the surface energy balance, especially of snow, ice sheets, and sea ice. Dust recorded in ice cores is also used as a tracer for climatic cycles \[e.g., *Mayewski et al.,* [1994](#jgrd53438-bib-0053){ref-type="ref"}; *Lambert et al.,* [2008](#jgrd53438-bib-0044){ref-type="ref"}\]. Before looking at the seasonal variation of dust deposition in detail, we look at the spatial patterns of dust deposition throughout the seasons (Figure [10](#jgrd53438-fig-0010){ref-type="fig"}).

![Simulated seasonal dust deposition (g m^−2^) in the near Arctic averaged for years 2010--2012. Deposition is here given as the sum of dry and wet deposition.](JGRD-121-13678-g010){#jgrd53438-fig-0010}

Differences in the spatial pattern of dust deposition between the seasons are relatively small. Apparently, despite a seasonal snow cover, dust emission in the near Arctic is still important in winter, according to our simulations. Dust events in the Arctic have also been observed in winter \[e.g., *Lewkowicz*, [1998](#jgrd53438-bib-0046){ref-type="ref"}; *Bullard*, [2013](#jgrd53438-bib-0013){ref-type="ref"}\]. In the near Arctic simulated mean deposition amounts are largest in autumn. From Figure [10](#jgrd53438-fig-0010){ref-type="fig"} it is clear that a large area is affected by dust deposition. The figure also indicates that dust deposition on the Greenland ice sheet occurs mostly in autumn and winter. The origin of this dust can help explain the seasonality. In Figure [11](#jgrd53438-fig-0011){ref-type="fig"} we therefore show dust deposition in the Arctic from different regions. Deposition amounts are largest close to source regions, as, for instance, clearly seen for Icelandic dust sources. It even appears that dust originating from near Arctic sources does not travel far, compared to, for instance, Asian dust. More dust from Asia south of 60°N than from northern Eurasia reaches the Greenland ice sheet, for example. This is related not only to total emission amounts but also to stronger convection at lower latitudes that causes dust to reach the upper troposphere and be transported over long distances. In contrast, near‐Arctic dust remains mostly at altitudes lower than that of the Greenland ice sheet (also see Figure [6](#jgrd53438-fig-0006){ref-type="fig"}). The difference in travel distances also becomes apparent from dust lifetimes. With only 1.5 days, mean simulated lifetime of near‐Arctic dust is smaller than global mean dust lifetime (about 4 days). Due to the high altitude of southern Asian and African dust in the Arctic, most of this dust is deposited through in‐cloud and below‐cloud scavenging.

![Simulated annual mean deposition of dust (g m^−2^) in the near Arctic originating from different source regions averaged for years 2010−2012. Deposition is here given as the sum of dry and wet deposition.](JGRD-121-13678-g011){#jgrd53438-fig-0011}

In section [3.4.1](#jgrd53438-sec-0011){ref-type="sec"} we showed that simulated atmospheric dust load in the Arctic peaks in spring. From Figure [10](#jgrd53438-fig-0010){ref-type="fig"}, however, we find that simulations do not confirm a peak of dust deposition in spring time. On the contrary, dust deposition peaks in autumn, as suggested in Figure [10](#jgrd53438-fig-0010){ref-type="fig"} and clearly shown in Figure [12](#jgrd53438-fig-0012){ref-type="fig"}.

![Monthly mean simulated dust deposition in the (left) near and (right) high Arctic per source region.](JGRD-121-13678-g012){#jgrd53438-fig-0012}

Contrary to dust load, the seasonal variation of dust deposition in the near Arctic differs considerably from the high Arctic. Largest modeled deposition occurs in autumn in the near Arctic, mostly due to deposition of dust from local sources. As discussed, main sources of dust at high latitudes are proglacial fields or floodplains that have largest dust emission in periods when dust is available, water levels are low, snow cover is discontinuous and wind speeds are high. Deposition of dust from remote sources does peak in spring, but values are small relative to total dust deposition. In the high Arctic remote sources add a larger contribution to dust deposition, but even here, local dust appears to dominate total dust deposition and the seasonal variation of deposition. The deposition of dust from remote sources peaks in spring, consistent with ice core observations from the Greenland ice sheet at high altitudes \[e.g., *Gfeller et al.,* [2014](#jgrd53438-bib-0026){ref-type="ref"}\], as will further be discussed below. We summarize the amounts of deposition in the Arctic in Table [4](#jgrd53438-tbl-0004){ref-type="table"}. We estimate that over 90% of the dust deposition in the near Arctic is of local origin. In the high Arctic, north of 80°N, and away from any significant dust source areas, this fraction is somewhat lower but still over 70% of deposited dust originates from source areas at high latitudes. Comparing this to the dust load amounts in Table [2](#jgrd53438-tbl-0002){ref-type="table"}, the contribution of African dust is small (10%). Even though there is relatively more dust from Africa and southern Asia in the Arctic upper troposphere, scavenging of this dust is much less efficient than that of the low‐altitude dust of local origin.

###### 

Relative Annual Mean Deposition (%) From Different Source Regions Globally and in Different Regions of the Arctic[a](#jgrd53438-note-0002){ref-type="fn"}

                      Global   Near Arctic, \>60°N   High Arctic, \>80°N   Greenland   Greenland, \> 2500 m   Sea Ice
  ------------------- -------- --------------------- --------------------- ----------- ---------------------- ---------
  Africa              57.8     3.6                   10.2                  6.4         22.8                   5.6
  Asia S60            35.9     5.5                   18.0                  4.9         13.0                   10.1
  Australia           0.5      0.0                   0.0                   0.0         0.0                    0.0
  Europe S60          0.1      0.2                   0.3                   0.1         0.1                    0.1
  North America S60   1.4      0.7                   1.3                   2.2         6.1                    0.8
  South America       1.3      0.0                   0.0                   0.0         0.0                    0.0
  Eurasia N60         1.2      35.9                  30.2                  1.1         1.3                    11.5
  Greenland           0.1      1.6                   2.6                   67.4        14.8                   2.2
  Iceland             0.2      5.8                   2.0                   9.0         33.6                   1.3
  North America N60   1.5      46.7                  35.4                  8.9         8.3                    68.4

Note that we did not account for a varying sea ice extent but used the sea ice extent of September 2012 \[*Fetterer et al.,* [2002](#jgrd53438-bib-0024){ref-type="ref"}\] to identify the sea ice region.

These model results may initially appear contradictory to the results of ice core and snow pit studies at Summit, Greenland, showing considerable dust amounts originating from Asia \[e.g., *Bory et al.,* [2003a](#jgrd53438-bib-0009){ref-type="ref"}\]. However, one does need to consider that Summit is a high‐altitude location. It is thus much more influenced by dust at higher altitudes than the Arctic on average. *Bory et al.* \[[2003b](#jgrd53438-bib-0010){ref-type="ref"}\] included ice cores not only from high altitudes on the Greenland ice sheet but also from lower altitudes in their study. Results suggested that the lower cores, located closer to the ice margins, are influenced by proximal sources and experience more dust deposition than ice cores at higher altitudes. Moreover, *Wientjes et al.* \[[2011](#jgrd53438-bib-0084){ref-type="ref"}\] studied samples of surface material at relatively low altitudes from a dark region in the western ablation zone of the Greenland ice sheet. Based on mineralogical composition, Asian deserts could be excluded as source regions of this material that was in part derived from outcropping ice. What is more, results suggested that the outcropping dust is likely of more local origin. Thus, to investigate the variation of dust source with altitude, we further included the relative contribution of different sources to dust deposition in Greenland and on the Greenland ice sheet only for grid points located higher than 2500 m in Table [4](#jgrd53438-tbl-0004){ref-type="table"}. For Greenland as a whole the model estimates that 67% of deposited dust originates from Greenland, but at high altitudes in Greenland this contribution is reduced to less than 15%. This demonstrates how near‐Arctic dust is mostly deposited close to the source and hardly reaches high altitudes, as also discussed in section [3.4.1](#jgrd53438-sec-0011){ref-type="sec"}. In addition to the high atmospheric stability, which generally reduces vertical mixing in the Arctic, katabatic winds also inhibit upslope dust transport on Greenland. Some dust from Iceland is nonetheless able to reach the upper Greenland ice sheet in our simulations. Other strong contributors to dust in upper Greenland are Africa and Asia.

Results suggest that especially glaciers and snow covers at lower altitudes may be affected by dust. We therefore expect that sea ice albedo can also be influenced by dust deposition and do a similar analysis for the sea ice region. We here consider the sea ice region to be the region of the sea ice extent in September 2012 \[*Fetterer et al.,* [2002](#jgrd53438-bib-0024){ref-type="ref"}\]. In this region, we find the largest deposition contributions from sources in the near Arctic in North America, since these are the dust sources located closest to the sea ice (see Figure [2](#jgrd53438-fig-0002){ref-type="fig"}).

These results confirm the likely relevance of local dust sources as a factor influencing snow and ice albedo in the Arctic \[*Dumont et al.,* [2014](#jgrd53438-bib-0020){ref-type="ref"}\]. Obviously, the dynamic system of glaciofluvial sediment deposition, vegetation, aeolian transport, and deposition is complex and climate change can affect this in many ways, which we have not explored here. Nonetheless, we expect that a shortening of seasonal snow cover and potentially longer periods with dust emission in the near Arctic due to global warming are likely to affect snow and ice albedo at lower altitudes in the Arctic. Changes in dust emission in Asia and Africa and transport pathways are more likely to affect the Arctic cryosphere at higher altitudes.

4. Conclusions {#jgrd53438-sec-0015}
==============

A dust mobilization scheme has been developed to be used in combination with the Lagrangian particle dispersion model FLEXPART. A model evaluation based on monthly mean surface concentrations at several stations, vertical profiles of dust concentrations in the troposphere from aircraft observations, and annual mean deposition rates showed that the model is suitable for global dust transport simulations. A lack of dust observations in the Arctic was compensated by the use of aluminum concentrations to estimate dust concentrations. Although this conversion includes uncertainties, comparison of model and observations indicate that the model is also suitable to model mineral dust transport in the Arctic. With a series of global dust transport simulations, we could locate important dust sources for mineral dust in the Arctic.

Our results suggest that approximately 3% of global dust emission originates from the near‐Arctic regions (\>60°N). This estimate is close to a recent estimate of *Bullard et al.* \[[2016](#jgrd53438-bib-0015){ref-type="ref"}\] suggesting that approximately 5% of global emitted dust is from sources south of 40°S and north of 50°N. Their estimates of northern high‐latitudes only include Alaska and Iceland and result in approximately 2% of global emitted dust. Our 3% estimate that also includes other major dust sources (e.g., Eurasia) is thus similar, though all these estimates are uncertain. Uncertainties in dust emission estimates particularly in this region arise due to uncertainties of land cover and the large influence of snow cover and soil moisture on dust emissions. Additionally, the interaction with glacial processes is currently difficult to account for on large scales. However, the large relative fraction of near‐Arctic emissions compared to global emissions shows that dust emissions in these regions need more attention.

We also quantified the simulated total dust concentrations and dust deposition. From the results, it became clear that in the Arctic dust in the lower and upper troposphere must be considered separately. While near the surface, dust from local sources dominates concentrations (85%) and deposition (over 90%), in the total atmospheric column, dust from remote sources (mostly Asia and Africa, accounting for about 38% and 32%, respectively) is most important. The origin of deposited dust in ice cores is thus also strongly related to the altitude at which the ice cores were taken. At altitudes above 2500 m in Greenland, the model predicts relatively more dust deposition from Asia (13%) and Africa (23%) than at low altitudes (5% and 6%, respectively).

Results also clearly showed the strong seasonal cycle of dust occurrence in the Arctic. Especially, we found that different behavior is seen for dust deposition and atmospheric dust loads. Dust loads, dominated by dust from remote sources (over 72%), peak in spring due to enhanced transport. Surface concentrations controlled by local dust (over 85%) tend to be larger in autumn, although the seasonal cycle is less pronounced. Finally, dust deposition in the near Arctic is largest in autumn when more local dust is present, according to our simulations.

These estimates come with large uncertainties related to emission, cloud processes, and trajectories. In addition, model evaluation is less thorough in the Arctic due to a lack of dust concentration observations. However, considering the relevance of impurities for snow albedo and ice sheet melt \[e.g., *Dumont et al.,* [2014](#jgrd53438-bib-0020){ref-type="ref"}\] our results clearly indicate that efforts should be made to reduce these uncertainties and understand the processes behind dust emission and deposition at high latitudes. The estimated dust deposition and concentration amounts can, for instance, be used in future studies on the effects of dust on the radiation balance of the surface (snow and ice albedo) and the atmosphere (radiative forcing) and on nutrient transport to the ocean. Our study shows that it is of critical importance for such studies that near‐Arctic dust sources, which hitherto were largely overlooked, are appropriately quantified.
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